Abstract. The defect formation energies of various possible defect complexes in stoichiometric LiNbO 3 are calculated and the dominant defects are predicted based on their relative stabilities. The atomistic structure of one type of ferroelectric domain wall is discussed and the width of the domain wall is identified. Based on the analysis of polarization components normal to and transverse to the domain wall plane, it is found that domain walls exhibit Bloch and Neel like characteristics. Point defects are found to have lower formation energies at domain wall. Therefore, domain walls can be considered as trap sites of point defects.
Introduction
Due to the wide applications of ferroelectric LiNbO 3 1 , it is crucial to understand the local structure of domain walls at the nanoscale and their influence on the macroscopic properties of the material 2, 3 . Moreover, the presence of point defects can change the physical properties and interact with domain walls. Here, we report density functional theory (DFT) calculations and atomistic simulations of the structure and stability of one type of domain wall, and the dominant intrinsic point defect complexes in stoichiometric LiNbO 3 . The structure and energetics of the Y-domain wall in LiNbO 3 are presented and the width of the domain wall is determined. Finally, the interaction between point defects and domain wall are explicitly characterized the point-defect formation energy as a function of distance from the domain wall.
Methodology
The calculations of structures and energies of point defects and domain walls using density functional theory (DFT) are carried out using the Vienna Ab Initio Simulation Package (VASP) 4, 5 . Briefly, the projected augmented wave (PAW) method combined with generalized gradient approximation (GGA) is employed to achieve both accuracy and flexibility 6 . 7, 8 . details of the calculations can be found elsewhere [7] [8] [9] . Although the domain walls in the DFT supercell are quite close to each other, they allow us to perform benchmark calculations, which can be compared with atomic-level simulations using empirical potentials. Furthermore, it is found that two methods shows good consistency, providing the foundation to use empirical potentials to systematically study domain walls 10, 11 .
The atomic-level simulations presented here are calculated using the empirical potential developed by Jackson et al. 12 . While the energetics and structures of domain walls calculated with DFT and atomistic simulation can be compared, the comparison of DFEs between empirical potential and DFT has to be treated with caution because the empirical potential only reflects the changes in bonding energies, but not any change in charge of the ions as they are removed from the system. Moreover, there are subtleties involving the different reference states used in the DFT and atomistic calculations of the DFEs 7 .
Results and Discussions

Point Defects
In order to determine the dominant defects in stoichiometric LiNbO 3 , based on experimental observations we consider four possible simple defect complexes that maintain the stoichiometry of the The formation energies of stoichiometric defect complexes in LiNbO 3 are given in Fig.1 . Both DFT and atomistic calculations show that the Li-Frenkel pair has the lowest DFE, although the values are different using the two methods. The DFEs from the atomistic simulations reported here differ somewhat from values in the literature 12 due to methodological differences. It is known that DFT generally displays has a higher fidelity than atomistic simulations; nevertheless, the trends predicted by the atomistic calculations are consistent with the DFT results 7 . Overall, the defect concentration calculated based on the formation energies is in agreement with the stoichiometric of the material. 
Domain Walls
There are two types of domain walls: X-wall and Y-wall In LiNbO 3 . The X-walls lie parallel to planes that pass through both cation and anion sub-lattice, while Y-walls (see Fig. 2 ) lie parallel to planes of cations or anions only. Here we present results for Y-walls only.
Figure 2. Schematic of Y-wall structure.
Although the Y-wall is defined to be parallel (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) planes, the actual positions of the domain walls are not fixed by the crystallography but from energy minimization of the system. The energy of a Ywall as a function of its specific location is shown in Fig. 3 . It is found that the actual position of Ywall lies between anion planes rather than the initially defined cation plane. The energy difference between these two positions is the energy barrier for domain wall motion. The precise values differ somewhat: DFT gives a barrier of 160 mJ/m 2 while the atomistics predict it to be 230 mJ/m 2 . Nevertheless, the trend of domain wall energy as a function of the distance from equilibrium position is consistent. Both DFT and MD also predict the Y-Wall to have a lower energy than the X-wall 11 . The polarization change around the ferroelectric domain wall is generally considered to be abrupt. The polarization as a function of distance from domain wall is given in Fig. 4 . Consistent with previous studies, the domain wall is found to be approximately two-unit cells thick 10, 11 . Furthermore, we find the presence of a significant components normal to (P n ) and transverse to (P t ) the domain wall. This gives rise to Bloch-type and Neel-type components to the domain wall that modulate the predominantly Ising-type polarization 10 . Figure 4 . The polarization as a function of distance from Ywalls
Interactions between Point Defects and Domain Walls
The effects of domain wall on the energetics of point defects are investigated by determining the formation energies of the lithium vacancy, lithium interstitial and niobium antisites as a function of distance from the domain wall. These three defects are chosen because, based on the analysis given in Section. III.A, they are the most relevant defects in LiNbO 3 , and are the constituents of the stoichiometric defect clusters. Figure 5 shows the energy of each defect as a function of the distance from the Y-wall calculated from DFT; atomistic simulations give qualitatively identical results, although the precise values are different. These results indicate the domain walls can be considered as traps for point defects. Furthermore, the effects of domain wall are short-ranged, essentially disappearing about 6.5Å away from the Y-wall. Similar effects are also observed for X-walls 11 . 
Summary
The stability and structure of point defects and domain walls were investigated for stoichiometric LiNbO 3 . The Li Frenkel pairs were found to be the dominant defects. The Y-wall was found to be more energetically favorable than the X-wall, but less mobile. Analysis of the polarization showed that, in addition to the dominant uniaxial contribution, the domain walls display additional Bloch and Neel components. The coupling between point defects and domain walls was also elucidated.
Similar studies have also been carried out for congruent LiNbO 3 and for X-walls 8, 11 . The corresponding dominant defects have been identified and the domain wall energy has been calculated. The formation energies of extrinsic point defects, such as Mg, Fe, and Er, and their effects on the properties have also been investigated 8 . The information and insights provided by these simulations can provide theoretical guidance to control the point defects, domain walls, and ferroelectric behavior of LiNbO 3 and achieve desired properties for practical applications
